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Abstract 
The critical current angular distributions in the magnetic field range from 0 up to 8 T have been measured for Zr doped MOCVD 
(metalorganic chemical vapor deposition) tape produced by Super Power Inc. The vortex path model was used to fit these 
distributions to specify a tilted peak near c-axis that corresponds to the presence of BaZrO3 columnar defects in the tape. The 
orientation of such defects was found to be 10.3o with respect to the c-axis direction. Peak in the ab direction was observed in the 
whole field range and it could be interpreted as pinning on spacer layers between CuO planes. The appearance of gauss 
distribution was found in high fields that confirms chosen model. 
© 2015 The Authors. Published by Elsevier B.V. 
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1. Introduction 
REBCO (REBa2Cu3O7-x, RE – rear earth elements) coated conductors (CC) are widely produced now and seem to 
be great for both large-scale energy applications and compact devices. The mechanical properties of CCs are 
remarkable of making possible winding on radiuses down to 1−2 cm Rudnev et al. (2014). A recent development 
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enhanced its performance in magnetic fields parallel to the ab-plane, but the anisotropy problem in highly layered 
cuprate structure remains. This property of the exact tape may be crucial in application designing to obtain high 
performance. 
 A modification of the pinning structure inside the conductor is a key to enhance a critical current in different 
external field orientations. There are inherent pinning sites in CCs as consequences of growing (or deposition) 
technique: dislocations, Miura et al. (2009), grain and twin boundaries, oxygen vacancies and others. However, there 
is a possibility to raise critical current values by adding to superconductor artificial pinning centers. Mostly used are 
columnar defects and nanoparticles of BaZrO3 , Maiorov et al. (2009).  The introduction of these defects transforms 
the angular distribution of a critical current forming a broad peak near H || c orientation, Paturi (2010).  
The aim of this work was to obtain and describe analytically the critical current angular distribution in the field 
range from 0 T up to 8 T, observing the evolution of these curves and searching for saturation points of different 
pinning structures existing in the Zr doped tape.  
2. Experimental details and theoretical approaches 
2.1. Measurement system 
To perform the in-field angular transport measurements of a critical current the special insert with a rotating 
mechanism was used. As a field source, the Cryogenic 8T Cryogen-Free Magnet with the vertical magnetic field 
was applied. Therefore, to take Lorenz force configuration measurements, the sample should be placed to rotate 
about the horizontal axis. Fig. 1 shows the design of the rotating sample mechanism. The shaft goes up from the 
low-temperature area to the stepping motor, placed on the top of the insert. Flexible current leads were used. The 
leads were fixed on the backside of the sample holder (aren’t shown on the scheme) to avoid a sample deformation 
during the rotation.  The flexibility of these leads imposes the limitation of 150 A on the maximum value of the 
transport current. By using a described measuring system, one can make the transport measurements of the critical 
currents in the angular range of 210o with the minimum angular step of 1.8o.  
 The transport measurements were made on the 30 mm long and standard 4 mm wide Zr doped MOCVD tape for 
a coil application produced by SuperPower Inc. The critical currents were obtained from the four probe measured V-
I curves using 1 μV/cm criterion. A self-field critical current of the tape was obtained with the magnet turned down 
and was equal to 101.6 A. 
 
 
Fig. 1. (a) Sample rotating insert: 1 - sample holder; 2 - rotating gears; 3 – shaft; 4 - centering ring; 5 – perforation for liquid nitrogen flow; 6 – 
main insert tube. 
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2.2. Model for angular dependence of Ic(θ) 
Two basic theories of a magnetic field angle influence on the critical current are presented in literature. The first 
one was developed by Blatter et al. (1994). His collective pinning theory was dealing with the weak intrinsic pinning 
centers like oxygen vacancies, which may pin the vortex. The origin of the angular dependence of the physical 
properties was described in a common way by the introduction of an anisotropic parameter ε, which is the 
proportion of the electron masses in two directions (over the ab-plain and over the c-axis). As it was observed in the 
experiment by Paturi (2010), the form of the angular current distribution changes with increasing of the magnetic 
field. A varied ε parameter needs to be introduced to describe this effect. It sometimes has to be lowered up to 2, 
fitting experimental data, whether normal values for REBCO are 5 up to 7, but the nature of this reduction is not 
clear. Also, unfortunately, the way of using this approach for extrinsic pinning has not been offered. So this is not a 
very flexible model to describe various pinning structures of modern CCs. 
To describe samples angular distributions with various types of pinning sites, Long (2008) introduced another 
approach called vortex path model. According to this theory, Ic is defined by the amount of pinning sites in the 
crystal directions of c and ab. Vortex, traversing the film, goes along these sites making energetically favorable form 
of staircase. The general vortex direction follows the way of the external field. Such a random walk in a certain 
direction through the sample is made and according to a great number of vortex steps made it could be interpreted as 
a statistical process. Using these assumptions Long derived the angular Gauss (1) and Lorenz (2) distributions for 
the Ic(θ) dependencies for the corresponding pinning sites distributions. 
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I0, γ and σ are the distribution parameters describing the height and width of the distribution. The interesting feature 
of the Lorenzian is that it becomes isotropic if the γ parameter is 1. Moreover, Lorenz distribution could be formed 
out of a number of Gaussians with the same means and different variances, Long (2008). Considering this fact, 
Lorenzian is an aggregated contribution of a large number of nanorods, for example, with the same orientation but 
with a different length. This is a common situation for commercial tapes.  
Further Long’s work describes more statistical method of obtaining these distributions – a method of minimizing 
information entropy, Long (2013). In this work he switches from the pinning force to the probability of pinning in 
the exact volume of the film and minimizes the information entropy using several constraints. As a result obtained 
distributions were the same. This way of deriving angular distributions is complicated from the microscopic 
standpoint but a statistical nature of the approach makes clear the fact of different distributions summation to fit 
experimental data, due to the summation of pinning probability distributions.  
In this study Lorenz distributions were used for most of the measured data. Single Gaussian turned out only in a 
high field region. Four Lorenzians were used to fit experimental data The first Lorenzian describes the peak in the H 
|| ab direction (Ic(ab1)(θ)), the second one was used to fit the peak close H || c direction (Ic(c)(θ)). The third Lorenzian 
(Ic(ab2)(θ)) was applied for describing the isotropic contribution to the Ic(θ) distribution in the fields up to 3 T with 
the γ parameter equals to 1. For fields up to 5 T it fits the broad peak in H || ab direction, but in higher fields the 
Gaussian peak separates from this Lorenz distribution. The fourth Lorenzian was taken to fit the peak in the middle 
angles, its origin would be discussed later. 
3. Results and discussion 
Critical current distributions were measured for the field range from 0 T up to 8 T with the step of 0.1 T up to 1.5 
T, further with the step of 0.5 T. The angle range was from -90o (H || c) through 0o (H || ab) to +90o (H || c) with a 
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constant step 1.8o between the measurements. Fig 2 shows the full measured log(Ic(H θ)) surface. The logarithm 
scale was used to make the form of the 3-D plot more visible. The main trend of increasing anisotropy with the 
raising field is clear on this illustration. Errors for high-field distributions are due to small value of measured 
currents, so logarithmic scale makes them more visible. 
 
Fig. 2. 3D surface of critical current over the external magnetic field and orientation angle. 
Fig. 3 (a) represents 3 angular distributions for the fields 0.3, 0.6 and 0.9 T. These curves show the form of the 
whole distribution in low fields. The fitted curve is shown for 0.6 T distribution and its components are represented 
on fig. 3 (b). Central peak (in direction H || ab, 0o) represents the standard pinning on the spacer layers between CuO 
planes. This peak is observed on every layered cuprate sample.  The second Lorenzian makes the isotropic 
contribution in this field range with anisotropy parameter γ is equal to 1. For the fields higher than 3 T γ starts to rise 
gradually. 
It is shown that the peak near H||c direction, representing BaZrO3 nanorod (the tape is Zr-doped, that leads to 
BaZrO3 nanorod formation) contribution is tilted right by 10.3o. The value of the angle is constant for the whole 
field range, where the peak was observed. Therefore, it could be stated that these nanorods are not oriented on 
parallel to the c-axis, but with the specified angle. This makes the contribution the asymmetry of the full 
distribution. The last Lorenzian (named as 4th of the figure) absorbs contributions of other pinning cite populations, 
presented in the measured film. One makes such assumption of additional multiple pinning due to inconsistent 
position of this peak in different fields. Its center creeps from -23o to -40o, which makes one think that it is the sum 
of several distributions with peaks in this range, with different in-field behavior. 
Fig. 3 (c) represents angular distributions for the fields 2, 3 and 4 T. Fig 3 (d) shows the components of the 3 T 
distribution. All 4 distributions becomes narrower comparing to 0.6 T, especially H || ab2 distribution curves from 
the isotropic state. Moreover, the center of the fourth Lorenzian shifted right from 39.5o to 31o. 
The third pair, fig. 3 (e) and (f), shows the critical current distributions in a high field region. The H || c and 
Lorenzian 4 peaks are making zero contribution there, which indicates a saturated pinning population (since 5 T and 
6 T respectfully). From the Lorenzian H || ab2 (for lower fields) Gaussian separates in fields higher than 5 T, what is 
in agreement with the theory above.  
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Fig. 3. (a) Angular distributions of critical current in 0.3, 0.6 and 0.9 T; (b) 0.6 T distribution components; (c) Angular distributions of critical 
current in 2, 3 and 4 T; (d) 3 T distribution components; (e) Angular distributions of critical current in 6, 7 and 8 T; (f) 7 T distribution 
components. 
4. Conclusions 
In this study, the critical current angular distributions were measured for the field range from 0 up to 8 T. With 
the experimental data, fitted by using Lorenz and Gauss distribution, three basic components were found: peak with 
the center for 0o (H || ab), corresponding pinning on spacer layers between CuO planes; a tilted peak around -79.7o, 
corresponding strong pinning on BaZrO3 nanorods.  Second peak around 0o represents isotropic pinning for the 
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fields less than 3 T and broad peak for the fields less than 5 T. For a higher field the separation of the Gauss peak 
was observed that is in agreement with the vortex path model. The last component of the experimental distribution 
was in the form of Lorenz distribution with varied peak position. One assumes that it represents several pinning cite 
populations with different angular orientations, behaving differently in fields. 
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